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Abstract study when the tracer distribution is changing most rapidly
(Fig. 1).

Kinetic parameters are commonly estimated from To overcome this problem we investigated the estimation of
dynamically acquired nuclear medicine data by firdtinetic parameters directly from projection data by modeling
reconstructing a temporal sequence of images and subsequedhtlydata acquisition process of a time-varying distribution of
fitting the parameters to time-activity curves generate@diopharmaceutical detected by a rotating SPECT system. To
from regions of interest overlaid upon the image sequenatcomplish this it was necessary to parametrize the spatial and
Biased estimates can result from images reconstructed usiegporal distribution of the radiopharmaceutical within the
inconsistent projections of a time-varying distribution oSPECT field of view.
radiopharmaceutical acquired by a rotating SPECT system. Direct estimation of kinetic parameters from projections
To overcome this problem we investigated the estimation bas become an active area of research. Chiao et al. [1, 2]
kinetic parameters directly from projection data by modelingave jointly estimated myocardial ROl boundaries and
the data acquisition process. To accomplish this it wame-compartment kinetic model parameters directly from
necessary to parametrize the spatial and temporal distributgimulated positron emission tomography (PET) projections.
of the radiopharmaceutical within the SPECT field of view. Limber et al. [3] have fit single decaying exponentials to

In a simulated transverse slice, kinetic parameters wezach pixel in a 1616 array directly from simulated SPECT
estimated for simple one compartment models for thrgeojections. We have fit one-compartment models to ROIs
myocardial regions of interest, as well as for the liveencompassing ax3 array directly from simulated SPECT
Myocardial uptake and washout parameters estimated jmpjections, by first estimating the exponential factors using
conventional analysis of noiseless simulated data had biaesar time-invariant system theory and then estimating the
ranging between 1-63%. Parameters estimated directly fronultiplicative coefficients using linear estimation [4].
the noiseless projection data were unbiased as expected, sinc&stimation of ROl time-activity curves from projections
the model used for fitting was faithful to the simulationhas been investigated. Huesman [5] has described a method to
Parameter uncertainties for 500,000 detected events rangefimate the average activity in a 2-D ROI, and Defrise et al. [6]
between 1-25% for the myocardial uptake parameters afglve extended these ideas to 3-D. To compensate for physical

1-18% for the myocardial washout parameters. factors such as attenuation and detector resolution, Carson [7]
has described a method for estimating activity densities
|. INTRODUCTION assumed to be uniform in a set of ROIs using maximum

likelihood, and Formiconi [8] has similarly used least squares.

Kinetic parameters are commonly estimated from .
dynamically acquired nuclear medicine data by first The quk presented here bun_ds on the wo_rk of Carson
Formiconi, as well as on simulations which we have

reconstructing a temporal sequence of images and subsequezm ! L . .
fitting the parameters to time-activity curves generated fro ormed in 2-D and 34_3 using |deal!zed non-attenuating
antoms [4, 9, 10]. In this 2-D simulation we use the more

regions of interest (ROIs) overlaid upon the image sequence.”,. ) :
Since dynamic single photon emission computed tomograp, listic mathematical cardiac 'torso (MCAT) phantom [1.1] and
clude the effects of attenuation. We compare the estimation

(SPECT) data acquisition involves movement of the gantf Kinet ters directly f oct ith estimati

and the distribution of radiopharmaceutical changes duri IN€lic parameters directly Irom projections with estimation

the acquisition, projections at different angles come fro m tomographic determination of time-activity curves, for
' ree myocardial ROIs and for the liver.

different tracer distributions. Images reconstructed fro
these inconsistent projections can contain artifacts that lead

to biases in the estimated kinetic parameters. The artifacts |I. ESTIMATION OF KINETIC PARAMETERS
can be patrticularly problematic in images reconstructed from DIRECTLY FROM PROJECTIONS

projections acquired during the early time frames of a dynamic We formulate a nonlinear estimation problem using a
This work was supported by U.S. Department of Health angPatial and temporal parametrization of the time-varying

Human Services grant R01-HL50663 and by U.S. Department @fstribution measured with a single rotating detector SPECT
Energy contract DE-AC03-76SF00098. system. The one-compartment model shown in Fig. 2 is
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Fig. 1 Artifacts are apparent in the upper sequence of images reconstructed from the inconsistent projections of a relatively rapidly changing
tracer distribution acquired during the early time frames of a simulated dynamic SPECT study. The lower sequence of images is obtained when
the tracer distribution does not change during the time frames.

assumed for simulated myocardial and liver tissue with a This analysis starts with an image segmented into blood
known blood input function, which would correspond to th@ool, M tissue types of interest, and background. In order to
kinetics of teboroxime [12, 13, 14]. Parameters are estimateltain tissue boundaries, the patient is assumed motionless
by minimizing a weighted sum of squared differences betweenring data acquisition, and a reconstructed image (for
the projections and the model predicted values. example, via the projections at the time of strongest signal,
The expression for uptake in tissue tyipds or via the summed projections) is segmented to provide
. anatomical structure. The image intensity at each segmented
Q™) = k2 | B(r)e M0 gr = gmym(s), (1) region is not used.

0 Using the segmented image and a measured attenuation
distribution, the attenuated static projections of the blood
I,]pool, tissue, and background regions are calculated for
each projection ray of each projection angle. These are the
sinograms that would be observed for each region, given a

whereB(t) is the known blood input functior3? is the uptake
parameter, and? is the washout parameter. Total activity i
the tissue is given by

Q" (t) + fMB(t) = V™ (t) + fMB(t), (2) static unit concentration of activity within the region. With no
! ! attenuation, the static projections correspond to the lengths
where f™™ is the fraction of vasculature in the tissue. of the blood pool, tissue, and background regions along each

projection ray of each projection angle.

The number of projection rays per projection angle is
k31 denoted by, the number of projection angles per rotation by
Q™(t) J, and the number of rotations by Thus, there are a total
of IJN projection rays distributed in time and space. For a
typical projection ray at angl¢ and positionn, the attenuated
lkm static projections of the blood pool, background, and tissue
12 are denoted by.;,,, v;,, andw’, respectively. Fig. 3 shows
n n mn
the attenuated static projections of the ROIs in the MCAT
Fig. 2 Compartmental model for®®"Tc-teboroxime in the Phantom (Figs. 4 and 5) used in the computer simulations
myocardium. described in Section Ill. The amplitude of the background
activity is denoted by, and the background is assumed to be
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Fig. 3 Attenuated static projections of the ROIs in the MCAT phantom shown in Figs. 4 and 5. These are the sinograms that would be observed
for each region, given a static unit concentration of activity within the region.

proportional to the blood activity. The projection equations can [11. COMPUTER SIMULATIONS

be expressed as A transverse slice of the MCAT phantom was used in a

t; simulation to evaluate the ability to estimate kinetic parameters
Dijn = / {ujnB(T) + v,g9B(T) directly from attenuated SPECT projection data. The simulated
Jtij—At emission distribution, shown in Fig. 4, contained blood,
M background, liver, and three myocardial regions of interest
+ Z wiy, [kay V™ () + .ff,nB(T)]} dr, (3) (normal myocardium, septal defect, and lateral defect). The
m=1 emission distribution was assumed to be attenuated using the
where the time; is equal to]j + (i — 1).J]At. The constants attenuation distribution shown in Fig. 5, calculated for 140 keV.

Wjn, Vn, andw are pure geometrical weighting factors, and Ne blood input fungtlon and the simulated tissue activity
d curvesare shown in Fig. 6.

the projection equations are linear in the unknowngy;, an ) ,
™ The nonlinear parameteris], are contained i ™ (). There were 13 parameters to estimate: the amplitudes,
The criterion which is minimized by varying the mode/decay rates, and vascular fractions for the liver and the
parameters is the weighted sum of squares function three myocardial regions and the amplitude of the overall
background. Using these 13 parameters and the known blood

2 oo e (Pign — Dijn)’? input function, a dynamic sinogram was formed representing
X = ZZ Z 2. ) (4)  the attenuated projections of the six constituent components
i=1j=ln=1 an (blood, background, liver, normal myocardium, septal defect,

wherep;;, are the measured data ang,, are their statistical 1ateral defect), which comprise the image volume. — The
uncertainties. An estimate of the covariance matrix for thE> min data acquisition protocol consisted of 15 revolutions

resulting model paramete®s = ( k7 g k. fm )is of a s!ngle—head SPECT system, gcquiring 120 angles per
revolution and 64 parallel projection samples per angle.
. 10%x2 -1 Neither scatter nor geometric point response were included in

cov(©) = <§W o @) () the simulation.

Parameters were estimated by minimizing a weighted
The statistical uncertainties of the parameter estim&esre sum of squared differences between the projection data
the square roots of the diagonal elements of the covariaremed the model predicted values (4). The results of the
matrix given by (5). simulation are shown in Table 1 and Fig. 7. Direct parameter
As discussed above, (3) is a linear function of thestimation from noiseless inconsistent projections (column d
parameterg;, k%7, and f;*. Therefore the model it describesof Table 1) was compared with estimation from dynamic
is called a conditionally linear, partially linear, or separableeconstructions (column b). Fifteen %441 attenuation
nonlinear model [15, 16]. Using standard techniquesorrected reconstructions were formed by using 30 iterations
for removing conditionally linear parameters, (4) can bef the conjugate gradient algorithm [17]. Thirty iterations were
considered to be a function of only the nonlinear washoasufficient to assure that the reconstructions had converged.
parametersk?s. We have used this technique to obtain theine-length weighting was used in the formulation of the
results presented here. projections. The pixel width was 1.5 times the bin width.
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Fig. 4 MCAT emission phantom Fig. 5 MCAT attenuation phantom Fig. 6 Simulated time-activity
used in simulation. used in simulation. curves for regions-of-interest.

ROIs were defined by taking all homogeneous blood podhe projection data [8]. Estimating the kinetic parameters
background, and liver pixels, as well as all pixels containing directly from the projections removes all bias for faithfully
least 90% of one of the three myocardial tissue types. Diraobdeled noiseless data. Implementation of this strategy
parameter estimation from projections was also comparedramuires a spatial and temporal model of the distribution of
the direct estimation of region time-activity curves (column dadiopharmaceutical with the SPECT field of view.
using the method proposed by Formiconi [8].
Par_ameter gstimayes obtain(_ad from conven_tional analysis V. REFERENCES

of noiseless inconsistent projections had biases rangin
?Etgﬁ /(jnf(?r_?sg/orrfsgctet]r?jia:r}\llsgsl‘rlc(j)ljtl ;;rt:keetsgam?;eersla?ge Hero. Model-based estimation for dynamic cardiac studies using

. . ’ ECT. IEEE Trans Med Imagl3(2):217-226, 1994.
blasgs in the septal and Iatera_tl defec_ts_ are _not unexpe_cttaﬂ P C Chiao, W L Rogers, J A Fessler, N H Clinthorne, and A O
considering the long tomographic acquisition times of 1 min. ~ g Model-based estimation with boundary side information or

The estimates using Formiconi’s method had less bias in  poundary regularizationEEE Trans Med Imagl3(2):227—234,
the septal defect and more bias in the normal myocardium 1994,
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] P C Chiao, W L Rogers, N H Clinthorne, J A Fessler, and A O
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a b c d e b’ c
k3, | 0.700 0.665 0.767 0.700 0.009 0.669  0.700
normal myocardium ki, | 0.150 0.149 0.162 0.150 0.002 0.152  0.150
10150 0.160 -0.032 0.150 0.022 0.187 0.150
k3, | 0.300 0.112 0.314 0.300 0.060 0.291  0.300
septal defect ki, | 0.300 0.116 0.286 0.300 0.048 0.279  0.300
21 0100 0.394 0.110 0.100 0.097 0.134  0.100
k3, | 0500 0.218 0.096 0.500 0.12f6 0.480 0.500
lateral defect k3, | 0.600 0.247 0.214 0.600 0.105 0.467  0.600
31 0100 0.278 0.199 0.100 0.115 0.137 0.100
k3, | 0900 0.924 0.888 0.900 0.005 0.923  0.900

liver k:il2 0.0020 0.0020 0.0006 0.0020 0.000®.0020 0.0020

;‘ 0.200 0.236 0.325 0.200 0.012 0.198 0.200

background g 0.200 0.200 0.201 0.200 0.001L 0.199 0.200
Table 1

Results of kinetic parameter estimation from noiseless inconsistent projections: (a) simulated values; (b) values from dynamic reconstructions;

(c) values from direct estimation of region time-activity curves [8]; (d) values from direct estimation from projections; (e) estimated uesertaint

of values from direct estimation for 500,000 detected events using (5). Results of kinetic parameter estimation from noiseless consistent

projections: (b) values from dynamic reconstructions:)(zalues from direct estimation of region time-activity curves [8]. Units for upteke
and washouk?s are min?.
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Fig. 7 Estimated values for the uptake parametgtgleft) and the washout parametér§ (right). The gray bars depict the estimates obtained

from conventional and Formiconi analyses of noiseless inconsistent projections (columns b and c in Table 1). The white bar depicts the unbiased
estimate (i.e., the simulated value) obtained directly from the projections, along with its estimated uncertainty predicted for 500,000 events
using (5). The black bars depict the estimates obtained from conventional and Formiconi analyses of noiseless consistent projections (columns b

and ¢). Note that the units for the liver washout parameitgs, are (100 miny*.
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